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Abst rac t

This paper describes a Carrier Aiding technique which employs cascaded pha.se-
lockcd loops. This scheme can be useful when two unequal antennas are required to
coherently demodulate the received signal, but due to an extremely weak signal-to-
ratio. (SN R) level and high Doppler rates, the snlaller antenna is unable to lock on
the carrier on its own. In order to determine the performance for a bank of (L – 1)
antennas when each one of them is aided by a single larger antenna, the joint pdf of
the two cascaded phase error processes for these (L – 1 ) pairs must be determined.
These joint pdfs M well as the carrier loop SNRs of the aided antennas are derived
based on Fokkcr-Pla.nck  techniques. The tracking and acquisition results are verified
by si]uulation for the case IJ = 2.
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“’1’hc work described in this paper was carried out by the Jet Propulsic)n  l,abcmatory,  California Institute

of ‘Ikxhnology, under a col]tract  with the National Aeronautics and Space Administration.

1



,

1 Introduction

Iliffcrent  antenna  arraying techniques earl be used to enhallcc the received signal-to-noise

r a t i o  (SNR),  and }WIICC  ~0 incrc= the data rate. Ideally, arraying I. identical antennas

i ncrcases the signal power by a factor of L2, while the noise power increasq~  by only a factor

of L . IIcncc, an increase in SNR by a factor  of L is potentially achievable [1,2]. Carrier

arraying is one type of antenna arraying, which is Us(!d when the carrier signal is too weak

to be tracked by a single phase locked 10op (PLI#). III this case,  the carrier phase reference

is estimated by using information from two or more antennas [3]. This paper is concerned

with onc form of carrier arraying referred to as Carrier Aiding.  In such a scheme, the

carrier signal is assumed to bc strong enough so that a larger antenna can synchronize to

the carrier and uses its rcfcrcnce to dc)wn-convert  tile carrier at a smaller antenna. As a

result, the smaller antenna has only to coher”cntly  t] ack the residual Doppler between the

two antennas. The advantage of such a system is that it allows the smaller antenna to use a

smal]cr bandwidth than otherwise possible, Furthermore, to enhance the performance of the)

decoder, the tmscband  signals after carrier demodulation can be c.ombincd  using Baseband

Combining (BBC), described in [4]. The combined baseband signal can then be demodulated

by a single subcarricr and symbol loop.

In this paper, the performance of this technique

degradation and symbol SNR loss. Both pcrformanc.e

tails earlier [5]. Briefly, SNR degradation is defined as

is measured both in terms of SNR

measures have been discussed in de-

the ratio of the SNR at the matched

filter output in the prescncc  of nonideal  syncl)ronization  to the SNR in the presence of ideal

syncllrollization. Symbol SNR loss is defined as the symbol SNR required by a practical

systmn  to ac.hievc a given symbol error rate (SER) divided by the symbol SNR required to

achicvc  the salnc error rate in an ideal system. Here a p] actical  systcm implies a systcm

with non-idea] synchronization and an ideal systenl  refers to a systcm  with perfect syn-

chronization. In the following sections, degradation and loss for the aforementioned Carrier

Aiding/ltascband  Combining technique are derived lxiscd on the theory of cascaded PLLs

dcvc]opcd  in [6,7,8]. The method invo]vcs first, dctt:rmining  the stochastic vector differen-

tial equation, known as “ltb l;quation,’> that goverl)s  the bchavic)r  of this cascaded system.
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Given that the noise is white and Gauss@,  the soluti(m  to this equation is a vector h4arkov

process w}lich is therefore statistically completely described by the transition probability

dcmsity  function (pdf) and the initial distribution. Next, the Fokkcr-Planck  (F-1’) equation

that describes the law of evolution of this transition pdf in time is determined. ‘I’hen, an

approximate analytical representation of the joint pdf for the two cascaded phase error pro-

cesses , that satisfy the F-P equation, is given. For brevity, the details of t}le derivations

arc omitted and the curious reader is referred to [9], The results are then illustrated via

numerical example, and are validated by computer silnulations.

2 Signal & System Models

Carrier aiding using cascaded carrier loops followed by baseband combining is shown in

Figure 1. As shown, the signal received at an{enna  i is assumed to be delayed by ~il seconds

relative to antenna 1. After down-conversion to an appropriate angular  IF frequency, denoted

WI, the signal at antenna i is given by

r:(t – 7;]) .(-[(2  F; sln (J~t ‘-  UC7;1  + 6 “ d(t  – ~;l) “ Sqr[w,,(t  – 
~il) + Qsc,] i“  ‘C((t – ~il))]

+  71i(t) ( 1 )

for i= 1,2,..., L for an L-element array. Pi is the received total power in Watts (W); w.

and OCi are the carrier angular frequency in radians per second (rads/see) and phase in rads,

rcxpective]y,  and the carrier phase of the i~” s igna l  i s  O.i(t)  = O,,(i) + AOi(t).  here,  At?;

accounts for the differential Doppler between signal received at antenna i and the signal

received at alltcnrra 1, the master antenna. Sqr(ws,t + 0,,) is t}le  square-wave subcarrier

wit}l  subcarricr  angular frequency w,, in rads/sec  al}d subcarrier  phase O.. in rads. 6 is the

modulation index in rads. The power in the carrier is Pci  == 1< CO S
2 d, while the power in

t}le modulation sidebands is Pr), = F’i -- Pci Z= Pi sin2 6. When 6 =-- 90°, t})e modulation type

is referred to as ‘(suppressed-carrier modulation. ” I’hc term ‘(rcxidual-carrier  modulat ion”

refers  to the case when O ~ $ <90”. The spectrum c)f the signal  corresponding to the latter

case is shown in Pigure  2. The symbol stream, d(i), is given by

d(i) =  ~ dkp(t  - kT) (2)
k=--cc
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w h e r e  dk is the +] biI1.3ry

The baseband pulse, p(t),

n~(t) can bc written as

data for the kth symbol  arid T is the symbol period in seconds.

is unit power and limited to  T seconds. The narrow-band noise

~;(i) D fi71,-, (t) COS(LO~i  + (?C, ) -- <i~.i(i) sin(w]t + 0,-, ) (3)

where n=i(t)  and n,, (t) arc statistically independent, stationary, band-limited, white Gaus-

sial]  noise processes with one-sided spectral density level IVoi (W/Hz) and one-sided band-

width Wn (Ilz), which is large compared to ~.

in this scheme, antenna, 1 whic}l is assumed to be the largest “master” antenna, locks

on the signal  by itself and then helps  the smaller antennas, 2 through L, to track. In this

case, the master antenna operates with a sufficiently large enough carrier loop bandwidth

to estimate the dynamics of the signal. Using  these estimates, the signal’s dynamics are

removed from tllc weaker signals received at antenuas  2 through L, thus enabling those

receivers to operate with smaller bandwidths than otherwise possib]c.  The baseband signals

from eacl] antenna after carrier demodulation arc sent to a central location where they are

delay compensated, weig}lted,  combined and then processed through a chain of subcarrier

loop , symbol loop and matched filter as depicted in l’igur-e 1.

3 Carrier Aiding/BBC Performance

Assuming that the time delay for each antenna is perfectly estimated, then following the

same steps of [4], the samples of the combined signal at the output of the matched filter are

given by

{

r~?=l pi ~D,c., c~.dk + nk dk =Z dk_l
ok Z

r~~zl @i PD,C.,C..(I  –  ‘txA)dk -i- nk dk ~ dk-1

w}lcrc  the noise ?tk is a Gaussian random variah]e with variance given by

(4)

02 I= & ~PfNoin (5)
1=1

fl Nmwhere ~$ = ~ XO, are the l~laxir~la]-colllbirli]]g  ratios which n~axilnizc  the SNR of the com-

bined signal. The signal reduction functions CC, and C~C are due to imperfect carrier and
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subcarrier

where ~.,

synchronization and are given by [1 O]

cc, = Cos $i, (6)

(73, = 1 – :14,,[ (7)

and ~.. (in rads) respectively denc]te the carrier and subcarrier  phase tracking

errors. The symbol timing error, g$,v, which affects the output only when there is a symbol

transition, reduces the signal amplitude by 1 – ‘~d. Ideally, ~c :-= 4,C = #,V = O and ( 4 )

reduces  to the ideal matched filter output vk = ~~=1 r~~dk -1 ~~k, a.s cxpcctcd. In writ ing

(4), it is assumed that the carrier, subcarrier, and symbol loop balldwidths  are much smaller

than the symbol rate so that the phase errors h,, 4,,, and C#J.y can bc modeled as constant

over several symbols. Throug]lout  this article, ~Cl is assumed to be Tikhonov  distributed,

and ~,, and ~sy arc assumed to be Gaussian distributed. I~~t p,(~cl  ), PSC(#sC), aIId PSY(@SY)

denote, respectively, the carrier, subcarrier,  and symbol p}lase error density functions. Then

{

exp(p.l cos I$C1 )——.
2~J0(PC1  ) - Id., I <T, r e s idua l -ca r r i e r  case

PC(A, ) = (8)

o otherwise

where l~(z) denotes the modified Bessel  function c)f order k, and p~, is the ‘hastcr)’  carrier

1001~ SNR. Also, psc(q$sc)  and p~V(dSV) are giver]  by

(9)

where a:, and cr~v are the reciprocals of the sub carrier and symbol loop” SNRS, respectively

denoted as ps, and Psy. The carrier, sub carrier, and symbol loop SN Rs are respectively given

as [5]

E&!!!
f.=’, residual-carrier case (lo)

‘Sc = (:)2%% (’++K”)-] (11)
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W}ICIW IL/A’O  k tllc com~jr)cd symbol SNL  erf(~) =  -~.? w(-~2)~~ iS the error function)
o

and  D,, B.., a n d  ~.v (irl IIz) d~notc t~le siI@e-sided  carrier>  SUb Carrier,  and SYmbOl  100P

bandwidths,  respectively.  The parameters W,, and W 1 “sy> w Ilch denote the subcarricr and

symbol  window, arc unitless and limited to (O, 1]. Before  we can derive the performance, we

need to determine the symbol SNR conditioned on d.,, d,, arid #,y. This conditional symbol

SNR., denoted SSNR’, is derived from (4), by dividing the conditional mean of the matched

filter output by its conditional variance, as

(13)

w}~crc F;si  = ~~~i!l’ is the symbol energy in the ith antenna, measured in Joules (J).

3.1 Symbol SNR Degradation

l’hc SSNR degradation, defined as the ratio of SSNR in the prescnlce of imperfect synchro-

nization to that of the ideally combined SSNR, for this case is determined by averaging (13)

over all the phase error proccsscs  and then dividing the result with the ideal combined SNR.

The following expression is obtained

--. —

[(Xi=] ?’i~~m + D$;,=I IYj;: ‘Ym7nccm,cn
.—

.—— —.
D = 10 x loglo (7:, C$v —— —--—.—.

(=,:1 ~m)=--”””_”_- )1 (14)

~’- ~ are called the antenna’s Gamma Factors [1], and they represent antennaw h e r e  71 = ~,, No,

i’s gain-to-noise tmnpcrature  ratio, denoted (G/T), Ilormalized  by (G/T) of the reference
— .  —

alltcnna,  and C’:,, CjC and C’~V arc previously derived in [1]

c:= $ [1+:$$1 ‘rcsid’’a]-car’’ier c a s e (15)
—

(16)
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—.———c~r,,,Cm, the joint  carrier phase processes, o]~ the ot}ier hand, has to be determined numer-

ically from tile  followil]g  expression

wl)cre  the pairwisc  joint pdf is given in [9] M

[(f2X~ Ct’i “ COS 4,-1  —  
‘lj’]i + fide,) +-k, cow)]

p(fjcl , (&i) ==. - - — - - - — - — - - – . – -  – _ _ _ _ _ _  _ _ _ _ _ _ _ _
(’2~)2~O(ai)~O(  Pc, )

(19)

between the two carrier CI Ior processes and is given

14- 4(1; + 3(:;. ——- —-——-—. — ..— —.- 1 (20)
1 + ‘2(~li + (ii + f’~i) +- ffi

where ~li is the correlation cOcfflcient

in [9] as

([
F.; [:;~,i = —. ~
PC,

w i t h  ~; ~ ~~.1 -r):i Since by assumption , antenna 1 is the aiding antenna, then its carrier

loop SNR, pcl, is stiil given as before from (1 O). ‘rhe  IOOP SNR Of all the aided ant~nna-%  2

through L, is derived in [!)], based on F -P tcchniqucs,  and is shown to be

[,

(li 2 +- dfli + 5f~i  + 3f~i  -1
pc, = $4”— . ——-——-—— — .———.

3P., 1 + 2((]i +“ tfi + t?i) + ffi 1
(21)

&Jyo,where the nominal carrier loop SNR is givcll by p~, = ~c,—, and (1$ = ~ is the ratio

between the aiding carrier loop bandwidth to that of the aided IOOIJ.  Let us consider two

extreme cases. First, as <Ii --+ O, i.e., when the bandwidth  of tile  aiding antenna. is much

smaller than the that of the aided antenna, then from (21), we find that pci -+ p~l. That

is, there is no advantage in aiding under this scenario, as expected. On the other hand, as

(Ii -+ m, which is the practical scenario, the effective loop SNR of the aided antenna is given

from (21 ) as

[ 1
–1

pci = ;,- -1>: (22)

“~h loo~j is enabled to track w}lich otherwise would not]n this case, as a bC3JlCfit  c){ aiding, the z

be possible. IIowcver, the tracking is accomplished wit}l degraded pcrfor!nance.  The effective

loop SNR as seen in (22) is degracled  from the nominal loop SNl~ by a factor of ‘c’ , . Ideally,P., +Pc,
. . . .._

when there are no phase errors (i.e., when p., = p,, z p,u = m), C?, = C’cm,cn = c~.q=l

and L1lC SSNR  degradation as given in (14) bccomcs  O, as exjw.ctcd.
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3.2 Symbol Error Rate Loss

‘1’hc Carrier-Aiding/BBC SER for an L-clement array, denoted ~,(E), is defined as

where  d@Ci = d#)Cz ddca “ “ “ dd.L. The statistics of the synchronization phase error processes

~,C, and ~sy were described earlier. Whereas, the joint pdf of the carrier error processes can

be simplified hy first  conditioning 011 4C, and then bY ~lsing ~~aYes ‘ Theorem to the following

form

(24)

where the pdf of #Jcl was given earlier in (8) and tile pairwisc joint pdf, P(4CI, ~Ci)} WaS

derived earlier in (19). The conditional SER is defined in [11] as

(
——– -------) +;-erfc(fis~~-~~en~~=~~-l )  (25)

_.—
}’:(E) = ~crfc @5’NR’ w h e n  dk # dk.1

w}lerc crfc(x) can expressed in terms of the error function, defined earlier, as 1 — erf(z).

For this scheme, the conditional SER is obtained by substituting the expression for the

conditional SNR as given in (13) in the above expression, and making simple algebraic

manipulations

.
is the combined carrier degradation, and ~ is the syn]bo]  SNR received at antenna i. Again,

as a check, when there are no timing errors (26) reduce  to the WCII known Vlnary  phasse  shift

keyed  (111’SK ) error rate c}f an array of L antennas, )’.(E) =: !jerf~(fZ?=l  ~~).
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4  13xample &  DiSCUSSiOII

,,

Consider an array consisting of two different size ante]inivs, 70-111 a]ltcnna  and 34-m antenna,

operating in the S-band. ‘J’hc corresponding antennas’ gamma factors are 7 1 = 1 and 72 =

0.17, respectively.

4.1  TYacking

The symbol SNR dcgrada,tion  corrcspcmding  to this scenario is determined from (14) and

the theoretical as well as the simulated results arc shown in l~igure 3. For example, when the

reference antenna’s SSNR value is at O dB,  the total theoretical alld simulated degradation

values were -0.97 dB and -1.03 dB, respectively. The total degradation shown in Figure 3

include the degradation due to the subcarrier  (SC) error process, the symbol (SY)  timing

error, and the carrier (CA) error processes. The conditional SER for two different size

antennas, on the other hand, reduces to
—... —— —.-

E*, & 14wl
{-”-

E,~
~’:(w = ; [erfc[fi; -+ ~- )cco~~~.c(l - -;--)1 +- Crfc[ (~~,; + No, 1~)cCombC,J ( 2 8 )

02

wllcrc  the combined carrier degradation , corresponding to this case, is given from (27) as:

(29)

Substituting in (26) we get the conditional S12R, Then the S}3R is determined by evaluating

numerical] y the 4-tuples  integral given in (23). The theoretical as WC1l the simulation results

arc dcpictcd in Figure 4. From this figure, it is shown for cxanlple  that when the reference

antenna’s SSNR value is O dB, the theoretical and simulated SER  loss values are -1.05 and

-1.09 d13, rcspcctivcly.  Table 1 summarizes t}lc  SER  loss and SSNR  degradation for several

operating points.

4.2 Acquisition

This section considers a scenario wllcre  carrier aiding is required for signal  acquisition and

tracking. Consider the following scenario which is typical for tllc  ~~alilco spacecraft mission

to Ju})itcr.  The carrier signal SNRS to be reccivcd  at the above two co-located antennas are

9



~ = ]4 .22 ~~j.]]z atld $: = 6.52 d~j-~~z, Fesl)ec.tiv(’ly, and the carrier frequency predict

error at both antennas is roughly 1 112. ThC loop bandwidth (BW) used to track t}le  1

112 effective Doppler is at least 2112 [12]. l’urtl)ermor(}, since the minimum PLL loop SNR

required for signal acquisition and tracking is about ? dB [1 O], it is clear that, on its own,

t}le  34-nl antenna would not be able to acquire the signal with a 2 Hz BW. liowever, with

carrier aiding from the 70-nl antenna, the 34-m can acquire the signal  as shown in Figure 5.

‘1’his  figure was obtained by simulating the system shown ill h’igure 1 with I. = 2. In the

simulation, lJC, = 2 IIz,  and lJCj  = 0.5 IIz.  ‘1’hc initial F’LL numerically controlled oscillator

(NC()) frequency of the 70-m antenna was offset by 1 Hz froln  the input signal frequency,

whereas the NCO frequency of the 34-m antenna was set to O lIz. The 34-m antenna I’LL

frequency can be set to O Hz because the 70-m antenna rcfcrcncc signal can be used to

complcte]y  track the frcquellcY  error at the 34-nl antellna,  whic}l can also be expected to be

1 Ilz due to our assumption of co-located antennas. Consequently, the 34-m antenna PLL

is only required to track the phase difference between the 70 and 34-nl antennas, which for

the simulation is 1.22 rads.

5 Summary and Conclusic]n

This paper dcscribcd  and analyzed the performance of carrier aiding scheme employing

cascaded PLLs which can be used to acquire deep space signals at very weak SNR. The joint

pdf of the two cascaded phase error processes, which is essential for determining the system

performance, was derived based on Fokker-Planck  techniques. The tracking and acquisition

IJerformance were verified by simulation for an array of two unequal size antennas.
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C a r r i e r  A i d i n g  Employing  Cmcaded  PLLs...
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Figure 1: Carrier Aiding/BBC : System Overview
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Figure 2: PC,M/PSK/PM  Square-Wave Subcarrier Signal Model
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‘l’able 1: SER Loss vs. SSNR Degradation for all Array of Two Different antennas
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